Objective: To evaluate the pharmacokinetics and pharmacogenomics of efavirenz (EFV) and lopinavir/ritonavir (LPV/RTV) in HIV-infected persons requiring hemodialysis.
Introduction
It has been assumed that nonnucleoside reverse transcriptase inhibitor (NNRTI) and protease inhibitor classes of antiretrovirals do not require dose adjustments in patients with end-stage renal disease (ESRD) due to insignificant renal elimination [1] . However, the dispositions of several other medications that primarily undergo a hepatic metabolism are affected by renal impairment [2] [3] [4] as a result of reduced hepatic or intestinal metabolism, reduced hepatic uptake, or reduced plasma protein binding during renal failure [5] [6] [7] . Therefore, we evaluated the steady-state pharmacokinetics of the NNRTI efavirenz (EFV) and the protease inhibitor lopinavir/ritonavir (LPV/RTV), in HIVinfected patients requiring hemodialysis. We then compared these pharmacokinetic profiles with HIVinfected historical controls without renal insufficiency. We did not find that the levels of these drugs were substantially altered by ESRD. However, there was an unexpectedly high variability in EFV pharmacokinetic parameters, and the trough levels for LPV were somewhat lower than those found in patients without ESRD. We then explored the possible impact of several polymorphisms in genes encoding proteins potentially involved in the disposition of these drugs to explain these findings.
Methods

Study participants
HIV-infected persons requiring hemodialysis and between the ages of 18 and 65 were enrolled in this observational study if they had received as part of their antiretroviral regimen either a single 600 mg tablet of EFV daily or three 133.3/33.3 mg capsules of LPV/RTV twice daily for at least 30 days immediately prior to entry and if the following laboratory criteria were met: alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels 5 or less Â upper limit of normal (ULN), total bilirubin 1.5 or less Â ULN, hemoglobin 8.0 g/dl at least, and serum lipase 3.0 or less Â ULN. Participants were not enrolled if they had a serious illness, besides ESRD, requiring systemic treatment and/or hospitalization within 30 days prior to entry; if they had known liver cirrhosis; if they had a Division of AIDS Toxicity Grade [http://rcc.tech-res.com/tox_tables.htm] at least two for nausea, vomiting, diarrhea, or abdominal pain within 7 days prior to entry; if they had significant change in tobacco use within 6 weeks prior to study entry (which may acutely alter CYP450 enzyme regulation); or if they had used any medications or herbal products known to induce or inhibit CYP450 enzymes, cancer chemotherapeutic agents, investigational agents, systemic steroids 100 mg/day at least of prednisone, or an NNRTI or protease inhibitor besides EFV or LPV/RTV or a combination of these two within 30 days of entry. Women of reproductive potential were enrolled only if a serum pregnancy test obtained on the study day was negative.
Study design
The objectives of this investigation were met by conducting a prospective, multicenter, observational pharmacokinetic study. Participants in the EFV arm and LPV/RTV arms underwent 24-h and 12-h pharmacokinetic evalu-ations, respectively, in the General Clinical Research Centers of their home institutions. The acute effects of dialysis on pharmacokinetics and drug clearance were not studied as we had presumed that dialysis clearance would be too small to measure, even if the extremely high protein binding of these drugs were altered. This protocol was approved by the local institutional review boards of the participating institutions. Written, informed consent was provided by all participants.
Participants recorded the timings of their antiretroviral intake for 3 days prior to study entry; if doses were missed or not taken approximately 24 h (EFVarm) or 12 h (LPV/ RTV arm) prior to the scheduled observed dosing time on the study visit day, the study visit was rescheduled. Standardized moderate-fat meals, comparable with those used in the control studies, were provided for all participants during their study visits.
To better mimic typical clinical practice, observed doses of EFV were administered in the evening at 1900 h and at least 4 h after dialysis completion with blood samples taken at À0. 25, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 16, 20 , and 24 h after the observed dose. Observed doses of LPV/RTV were given at 0800 h and blood samples taken at À0.25, 0.5, 1, 2, 3, 4, 6, 8, 10, and 12 h. A blood sample was obtained for measurement of unbound LPV at the 2-h time point. Hematologies, chemistries, CD4 cell counts, and HIV-1 RNA levels were also obtained at the study visit. Hepatitis B and C serologies were abstracted from the participants' records, if these were obtained within 6 months of enrollment, or were obtained at screening; active hepatitis B was defined as having a positive surface antigen and active hepatitis C as having a positive antibody. Symptoms and signs, including rash, gastrointestinal symptoms (nausea, vomiting, diarrhea), and central nervous system disturbances (sleep disturbances, confusion, difficulty concentrating), that occurred within 30 days prior to entry were also graded and recorded.
Because the pharmacokinetic analyses suggested high EFV pharmacokinetic variability and lower than expected concentrations of LPV, we performed posthoc pharmacogenomic analyses to explore potential hostrelated factors that would explain these findings. DNA samples were obtained from participants who were coenrolled in AIDS Clinical Trials Group (ACTG) A5128. This protocol archives genetic samples of consenting enrollees across various ACTG studies. Four singlenucleotide polymorphisms, chosen for their potential effects on NNRTI and protease inhibitor metabolism, were assessed for each drug. These polymorphisms were at positions CYP2B6 516, CYP3A5 6986, MDR1 2677, and MDR1 3435 [8] [9] [10] [11] .
Laboratory analyses
Drug plasma concentrations were measured at the University of California at San Francisco (LPV and RTV) and the University of North Carolina (EFV) ACTG Pharmacology Support Laboratories. These laboratories participated in the ACTG Pharmacology Laboratory Proficiency Testing Program for antiretroviral drug quantitation. EFV concentrations were measured using ultraviolet high-performance liquid chromatography in a Diode array with a lower limit of quantification of 25 ng/ml. LPV and RTV concentrations were measured using liquid chromatography-tandem-mass spectrometry with lower limits of detection of 50 and 25 ng/ml, respectively. Measurement of unbound drug concentration was performed using equilibrium dialysis at 378C using a semipermeable membrane; high [coefficient of variation (CV) 6.47%, SD 0.0323] and low (CV 8.73%, SD 0.0896) concentration control samples were analyzed with each run.
DNA was isolated from whole blood, obtained under ACTG protocol A5128 [PUREGENE; Gentra Systems Inc., Minneapolis, Minnesota, USA] [12] . Genetic polymorphisms were identified by real-time PCR (ABI PRISM 7900HT Sequence Detection System; Applied Biosystems Inc., Foster City, California, USA) using 5 0 nuclease allelic discrimination Taqman assays at the Vanderbilt Center for Human Genetics Research (Nashville, Tennessee, USA). Genotypic data were analyzed using ABI Sequence Detection System version 2.1.2 software and confirmed by visual inspection of the plots. Assay results were confirmed in replicate on a separate plate. The assays used to genotype CYP2B6 516G>T (rs3745274), ABCB1 3435C>T (rs1045642), and CYP3A5 6986A>G (rs776746) were Applied Biosystems C_7817765_60, C_7586657_1, and C_26201809_30, respectively. For ABCB1 2677G>T/A (rs2032582), custom primer and probe sequences were used. Forward and reverse primer sequences were GGACAAGCACT-GAAAGATAAGAAAGA and GTAGGGAGTAACAAA ATAACACTGATTAGAA, respectively. Probe sequences were VICCTAGAAGGTGCTGGGAAMGBNFQ, 6FA MCTAGAAGGTTCTGGGAAGMGBNFQ, and NED CTAGAAGGTACTGGGAAGMGBNFQ for G, T, and A alleles, respectively. The PCR conditions for all assays involved 10 min at 958C, then 50 cycles (15 s at 928C, 1 min at 608C). No other genes or polymorphisms were analyzed.
Statistical analyses
Area under the plasma concentration versus time curve (AUC) was calculated using the linear trapezoidal rule over the steady-state dosing interval [13] . C min and C max were defined as the minimum and maximum observed plasma concentrations, respectively. T max was time at which the C max was observed. Clearance was calculated as dose divided by AUC, and elimination rate constant as the participant-specific slope of the log-linear terminal decline in the plasma concentration versus time relationship (chosen by visual inspection). Half-life was calculated as 0.693 divided by the elimination rate constant.
Assuming a log-normal distribution of pharmacokinetic parameters, summary statistics were calculated on the natural log scale, and then converted back into the original scale [geometric mean, associated 95% confidence interval (CI) and CV]. For assessment of bioequivalence, geometric mean ratios (GMRs) of pharmacokinetic parameters (study participants relative to historical controls) and associated 90% CIs were calculated, using a method developed for the current case in which, for the EFV historical control group, only summary data on the raw scale is available. These 90% CIs were compared to no-effect boundaries (NEBs) of 80-125, 67-150, and 50-200%. Bioequivalence was said to be demonstrated if the 90% CI around the GMR lay entirely within prespecified NEBs. When the CI lies entirely below or above the NEB, inequivalence is demonstrated. When the CI straddles one or both NEB, the result is considered inconclusive [14] . The Food and Drug Administration (FDA) NEB standard of 80-125% is based on the assumption that the groups being compared would be identical except for the variable of interest. In our study, the primary variable of interest was the presence or absence of ESRD requiring hemodialysis on drug pharmacokinetics. However, we recognized that the hemodialysis study group would likely differ from the historical controls for race, sex, age, and pharmacokinetic study methodologies. Because we considered any potential recommendation for dose adjustment based on the relatively narrow NEB of 80-125% too strict given these likely group differences, we chose a priori the wider NEB of 50-200% for AUC on which to base dose adjustment recommendations.
Two-sided exact nonparametric tests with type I error rate set to 5% were used to compare pharmacokinetic parameters between genotypes (more than two groups, Kruskal-Wallis) and between presence/absence of hepatitis B surface antigen, hepatitis C antibody, and signs/symptoms (two groups, Wilcoxon rank sum). Associations between pharmacokinetics and laboratory parameters (plasma HIV-1 RNA, CD4þ T-cell count and liver function tests) were assessed using Spearman correlation coefficients and associated P-values.
Results
The baseline characteristics of the 26 participants enrolled in this study (13 in each arm) are presented in Table 1 . The study participants were predominantly Black men. Dialysis experience ranged from 1 to 25 years. Overall, 76% had CD4 cell counts 200/ml at least and 46% had HIV-1 RNA levels 50 copies/ml or less. Fifty-eight percent of participants were active smokers. The plasma concentration versus time profiles for each of the three study drugs are shown in Fig. 1 . The summary pharmacokinetic data and comparisons with historical controls for each drug are listed in Table 2 .
Efavirenz
The GMR for EFV AUC is 132% and the associated 90% CI ranges from 89 to 197% (Fig. 2) . Bioequivalence would only be declared using NEBs of 50-200%. The wide CI in the present study reflects the highly variable EFV AUCs in A5177 patients requiring hemodialysis. The CV in the present study was 93%, whereas it was 40% in the controls. Similar to AUC, the point estimate for C min is about 18% higher in patients requiring dialysis. For C min , even using NEBs of 50-200%, the bioequivalence procedure is inconclusive.
DNA was analyzed from 11 of 13 participants who provided consent (all were Black, non-Hispanic). As shown in Table 3 , for CYP2B6 516, the median EFV C min , C max , and AUC were significantly greater for those with the GTand TT genotypes than for the GG genotype (all P < 0.05). The elimination half-lives for EFV was also significantly greater (P ¼ 0.009), whereas EFV clearances were significantly lower (P ¼ 0.04), with the GT and TT genotypes compared with the GG genotype. No statistically significant differences in EFV pharmacokinetics were noted for polymorphisms in MDR1 2677, MDR1 3435, and CYP3A5 6986.
Lopinavir
The GMR for LPV AUC is 81%, and the associated 90% CI ranges from 67 to 97% (Fig. 2) . This 90% CI for LPV would be considered bioequivalent for NEBs of 67-150% and wider. However, the LPV 90% CI excludes 100%, suggesting that the systemic exposure in the patients requiring hemodialysis is somewhat lower than those without renal insufficiency. The results for LPV C max are similar to those for LPV AUC. However, C min was lower and inequivalent using the standard NEB of 80-125% compared with the historical controls.
In the hemodialysis-requiring patients in this study, the mean percentage of free LPV was 0.89% and ranged from 0.42 to 1.86%. These results are similar to those obtained in those without chronic kidney disease measured using equilibrium dialysis [(n ¼ 20; mean (SD), 1.32% (0.44%)] [15] .
Ten participants in the LPV/RTV arm provided consent for provision of DNA samples. Of the four polymorphisms assessed, the only statistically significant difference found was for C min due to the CYP3A5 6986 polymorphism ( Table 3) . The median C min for genotype AA, AG, and GG were 4.07, 1.49, and 0.86 mg/ml, respectively (P ¼ 0.048). Similarly significant associations were found between free LPV C min concentrations and these polymorphisms at position 6986 of the CYP3A5 gene. However, there were no significant associations between these single-nucleotide polymorphisms and percentage of free LPV. In addition, no associations were found with these polymorphisms and LPV C max or AUC.
Ritonavir
Bioequivalence was shown for RTV AUC using NEBs of 67-150% and wider (Fig. 2) . Similar results held for C max . The bioequivalence procedure for RTV C min was inconclusive at any NEB, although evidence pointed to it being lower in hemodialysis. As shown in Table 3 , no significant associations were found between RTV pharmacokinetic parameters and the four genetic polymorphisms assessed in this study.
Associations with viral hepatitis, HIV-1 RNA, CD4 cell count, and toxicities No significant associations were found between the pharmacokinetics for each of the three drugs and the presence of either hepatitis B surface Ag or hepatitis C antibody. There were no significant relationships between pharmacokinetics and HIV-1 RNA level, CD4 cell count, graded symptoms or signs, or laboratory parameters typically associated with EFV, LPV, or RTV. The only exception was for RTVAUC and AST levels for which there was a significant positive correlation (r ¼ 0.72; P ¼ 0.01).
Discussion
Previous evaluations of the pharmacokinetics of EFV and LPV/RTV in hemodialysis have relied on single case studies or small series. For instance, Izzedine et al. [16] suggested that EFV dosing may need to be increased in the hemodialysis population as the drug levels in a single participant were lower than those reported for participants without renal disease. However, the HIV-1 viral load was less than 200 copies/ml after 6 months of therapy in this participant suggesting that virologic efficacy at the usual dose was not compromised. In a case series of two individuals, Das et al. [17] reported that the projected 10-h trough levels were in the therapeutic range in one subject but were below this target in another. However, Pharmacokinetics of EFV and LPV/RTV in dialysis Gupta et al. 1923 Table 2 . Comparisons of efavirenz, lopinavir, and ritonavir pharmacokinetics between HIV-infected hemodialysis recipients (present study) and those with normal renal function (historical controls [28] the HIV-1 RNA levels were below 50 copies/ml, which suggested good virologic control at standard dosing.
Our data do not suggest lower concentrations of EFV in HIV-infected individuals receiving hemodialysis. Rather, bioequivalence using NEBs of 50-200% was observed for C max and AUC, but not for C min , when compared with historical controls. There was a trend toward increased C min , C max , and AUC in the hemodialysis group with higher than expected coefficients of variation. This result is likely due to known effects of polymorphisms of the CYP2B6 gene on the disposition of EFV. Similar to other studies [8, 18] , higher EFV AUC, C min , and C max were observed in the two individuals with the TT poly-morphism of the CYP2B6 516 codon compared with the four individuals with the GG genotype. Because HIVinfected African-Americans are more likely to require hemodialysis [19] and are also more likely to carry the TT genotype compared with European-Americans and Hispanics [8] , increases in EFV drug concentrations are not unexpected in the HIV-infected hemodialysis population. The frequency rate of the TT genotype in our study (18%) is similar to that found in the general Black population (17%) [8] , so it is unlikely that a selection bias for this genotype occurred in our study. Although others have reported an association between higher EFV concentrations with more severe side effects [20, 21] , we did not find any relationships between EFV levels and adverse signs, symptoms, or laboratory parameters. However, as only medically stable individuals without severe symptoms were enrolled, our ability to correlate pharmacokinetic parameters with adverse events was limited. We also did not find any correlations between EFV levels and either CD4 cell count or HIV-1 RNA level, which is in agreement with most [8, 22, 23] , but not all [24, 25] , studies in individuals without renal failure.
Overall, the pharmacokinetic parameters for LPV in the hemodialysis patients in this study suggest a potentially lower systemic exposure in this group. Even though the CIs for the LPV AUC and C max GMRs were within the NEBs of 50-200%, the CI for the LPV AUC ratio did not include 100%. Using NEB of 80-125%, C min in the hemodialysis group was definitely lower than that for historical controls. To our knowledge, the only other published report of LPV pharmacokinetics in hemodialysis involved a single individual [26] . C min , C max , and AUC were all substantially higher in this individual than the values found in the current study [26] , perhaps due to differences in methodologies in measurement of LPV concentrations. Interestingly, a study performed by the manufacturer of the protease inhibitor atazanavir also found an unexpected reduction in pharmacokinetic parameters in hemodialysis patients, which prompted a change in the labeling for this drug to avoid its use in treatment-experienced patients requiring hemodialysis (http://www.fda.gov/cder/foi/label/2007/021567s014l bl.pdf).
On average, we found less than 1% free LPV, suggesting that protein binding in this group is similar to that found in HIV-infected individuals with normal renal function [15] . Thus, a reduction in protein binding of LPV in patients requiring hemodialysis, with subsequently greater metabolism and clearance of this drug, likely does not explain the possibly lower trough concentrations and suggests that LPV clearance by hemodialysis itself likely would not occur. It is possible that altered gastrointestinal absorption, volume of distribution, or function or regulation of hepatic metabolic enzymes for LPV may occur in severe chronic kidney disease, thereby concentrations of LPV with the GG genotype. Although the allelic frequency ranges for the CYP3A5 AA, AG, and GG genotypes in Blacks are estimated, respectively, to be 36-54, 25-50, and 3-35% [27] , which are roughly comparable with those found in this study, our findings should be interpreted with caution as only one of 10 individuals was homozygous for the GG genotype. Further research is clearly needed to investigate the associations between LPV and CYP3A5 polymorphisms.
To maximize virologic efficacy and prevent resistance development, LPV concentrations considerably higher than the protein-binding corrected IC 50 against HIV should be maintained throughout the dosing interval. For this reason, once daily LPV dosing, which typically results in lower C min values compared with twice daily dosing [28] , is not recommended for proteaseinhibitor-experienced patients. The LPV C min values in the current study of hemodialysis patients are similar to those found in those receiving 800 mg of LPV in those with normal renal function. Therefore, this suggests that twice daily dosing of LPV 400 mg in hemodialysis would be expected to be adequate therapy in those not previously receiving protease-inhibitor-based therapy but perhaps not in protease-inhibitor-experienced patients. However, once daily dosing of LPV in a hemodialysis population may result in further decreases in C min , thereby possibly jeopardizing virologic efficacy even in protease inhibitor-naive patients with ESRD. We studied individuals who had been receiving the capsular form of LPV/RTV, which is no longer available. It is unknown whether kidney disease and the use of hemodialysis would affect the disposition of LPV or RTV when given as the tablet coformulation.
The primary limitation to this study was the use of historical controls as opposed to concurrently enrolled participants with normal renal function. However, the results of this study suggest that tight matching by genotype would have been required to determine the effects of renal disease alone on the pharmacokinetics of these drugs. Screening by genotype would have been overly cumbersome to perform as part of this study. We limited any systematic biases by designing protocols that were closely matched to those used in the studies chosen for comparison. These studies also included HIV-infected patients receiving the identical dose and formulation of EFV and LPV/RTV. Our studies also rigorously assessed pharmacokinetic parameters over the full dosing interval, which is especially important for EFV, in a large number of patients, which should have minimized variability. Therefore, the differences found in pharmacokinetic values between hemodialysis patients and those with normal renal function are likely to be accurate. Because screening logs were not kept, we cannot assess the generalizability of these results to those patients who did not meet the strict eligibility criteria of this protocol. As such, extension of our conclusions to the general HIVinfected population requiring hemodialysis may not be warranted.
In summary, these results suggest that the effects of CYP2B6 polymorphisms at position 516 on EFV pharmacokinetics may be especially important in HIVinfected hemodialysis patients as this group is disproportionately Black. However, dosing of EFV in this population does not appear to require adjustment based on our results. LPV/RTV dosing also does not require adjustment if being used in protease-inhibitor-naive patients, but caution should be exercised with the 400 mg/100 mg twice daily regimen in those who are protease inhibitor-experienced. Once daily dosing of LPV/RTV may also be inadequate, even in proteaseinhibitor-naive patients. Further study of the LPV/RTV tablet formulation at various doses in the HIV-infected hemodialysis population is warranted.
